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ABSTRACT

Reactor shielding and safety studies and heat pipe de-
velopment work undertaken for the Jet Propulsion Laboratory
during the period March l, 1981 to October 30, Ig81 are de-
scribed. Monte Carlo caluclations of gamma and neutron
shield configurations show that substantial weight penal-
ties are incurred if exposures at 25 m to neutrons and
gammas must be 1_mited to lO12 nvt and I06 rad, in-
stead of the I0_v nvt and lO7 rad values used earlier.

For a 1.6 MWt reactor, the required shield weight in-
creases from 400 to 815 kg.

Water immersion criticality calculations have been
extended to study the effect of water in fuel void spaces
as well as in the core heat pipes These show that the
insertion into the core of eight olades of B4C with a
mass totaling 2.5 kg will guarantee subcriticality.

The design, fabrication procedure, and testing of a
4-h,-longmolybdenum/lithium heat pipe are described. It
appears that an excess of oxygen in the wick prevented
the attainment of expected performance capability.

I. INTRODUCTION

As part of a program to develop technology for application to nuclear elec-

tric systems capable of propelllng large payloads on orbital missions to the

' outer planets, the National Aeronautics and Space Administration (NASA), through

the Jet Propulsion Laboratory (JPL), has supported work at Los Alamos National

Laboratory on space nuclear reactor design and component development. The work

I l
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has been directed primarily towards those aspects of space reactor design that

are most influenced by the propulsion application. Specifically, this includes

work on shield design, safety studies, and the design and testing of long heat

pipes for coupling reactor core heat to a heat conversion system. Reactor

shielding for the nuclear electric propulsion mission is a more difficult

problem than for orbital power supplies, mostly because experimenters concerned

with the science payload are anxious _ keep radiation background to a minimum.

Thus, the tolerable exposures at 25 m From the reactor have been reduced to

lO12 nvt and lO6 rad, rather than the values of lO13 nvt and lO7 rad

used for orb;tal application.

The safety investigation concerqed methods of guaranteeing subcriticality of

the reactor heat source even when it is immersed in water. These studies are

applicable to heat pipe reactor sources in general, rather than being directed

toward a specific application.

The work on developing very long (4 m) heat pipes, while initiated to prove

out a specific thermionic reactor design, has been pursued most recently because

of the NASA interest in developing heat pipe reactor systems that are radia-

tively coupled to thermoelectric conversion systems.

II. SPACE REACTOR SHIELDING STUDIES

The reactor shielding studies consisted of a series of calculations that was

performed to ascertain shielding requirements for a heat pipe reactor system as

a function of reactor power. The power was varied from 0.6 MWt to 2.0 MWt,

and two sets of constraints were u3ed for acceptable radiation doses at the

payload (25 m from the reactor), namely, lO12 nvt neutrons/lO6 rad gammas

and lO13 nvt neutrons/lO7 rad gammas. The shield half-angle was maintained

at 15°.

The Los Alamos MCNP Monte Carlo code was used in several stages. Kelf

calculations were made for each redctor power to determine the magnitudes and

spectra of the neutrons and gammas leaklng from the reactor. Over the range of

power levels examined, the leakage spectra were similar within the statistics of

the MCNP tallies, and the magnitudes of the leakages were such as to justify a

linear relationship between magnitude and po_er. The calculated neutron and
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used as the sourceof neutronand gamma radiationin the shieldingcalcula-

tions. The sourcewas uniformlydistributedin the volume that would be occu-

pied by the reactor,but the reartormaterialswere not includedin the

calculations.

Two typesof shieldingcalculationswere performed. Some of the neutrons

leavingthe reactorproducegammas by absorptionand inelasticscatteringin the

shieldand in thermoelectricand radiatorcomponentsbetweenthe r_actorand the

payload. Thus the MCNP code was used in the dual neutron-gammamode to predict

the neutronfluenceand the gamma dose resultingfrom neutroninteractionsex-

ternalto the reactor. This gamma dose was added to that calculatedby MCNP in

the gamma mode, based on the fates of the gammas leavingthe reactor.

,_e reactor-shieldconfigurationis shown in Fig. I. The four designpa-

rameterse, _, m, and L are shown in the figure. Previousshielding

studiesindicatedan asymptoteof dose vs decreasing_. To avoid problems

arisingfrom interferenceby the overlappingshieldwith coolingof the control

rods and radialreflectorsurfacesby radiationheat transfer,the optimumvalue

of _ was chosento be 30°. The next step was to determinethe optimumvalue

of w for a given value of L. A separatestudy showed that the minimumdose

rate for a given shieldweight occurswhen the value of m is such that the

ratio of the lengthof the conicaloutsidesurfaceof the shield,Ls, to the

centerlinethickness,L, is about 0.95. This behavior is shown for two shield

masses,400 kg and 700 kg, in Figs. 2 and 3, respectively.

The shielddesign was assumedto be a tungsten-facegamma shieldseveral

centimetersthick,followedby a LiH neutronshield (plus stainlesssteel

structure)between65 and 90 cm thick. For a 1.2 MWt reactorpower the

neutronfluencevs mass of LiH + SS is shown in Fig. 4. Figure 5 shows the

effectof addinga tungstengamma shleidon the dose rate at the payload.

The resultsof thr study are shown in Table II, which gives the required

neutronand C_mma shieldmasses for two sets of dose criteria.

Ill. WATER IMMERSIONCRITICALITYSTUDIES

( Previouscalculationsof the quantityof boron carbid_requireoto compen-
i

sate for the reactivityeffectsof water immersionof _ 1.2-MWt beat pipe1
(

3
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TABLEi

LEAKAGESPECTRUMFROM1.2-1_/t REACTOR

Neutrons Gammas

EN Percent EN Percent

17 MeV 0 7 MeV O.Ol

15 0 6 0.56

13.5 0 5 1.44

12.0 0.04 4 3.63

10 0.23 3 l.50

7.79 0.46 2.5 1.98

6.07 2.63 2.0 4.66

3.68 3.89 1.5 I0.51

2.232 4.60 l.0 4.74

1.738 5.17 0.8 4.69

1.353 7.32 0.7 3.89

823 keV 5.78 0.6 4.96

500 6.13 0.5 I0.75

303 5.60 0.4 7.19

184 9.03 0.3 9.04

67.6 8.10 0.2 13.57

24.8 6.98 O.l II.02

9.12 6.34 0.05 4.52

3.35 5.43 0.03 1.12

1.235 4.47 O.Ol 0.19

454 eV 3.41 0.005 0.04

167 3.01

2.23 1.2 MWt = 7.05 x I016 y/s
61.4

22.6 l.82

8.32 l.40

3.06 1.21

1.13 1.03

0.414 3.69

1.2MWt = 3.18 x lC16 n/s

4
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TABLE II

NEUTRON,GAMMA,AND TOTAL SHIELDWEIGHTSFOR VARIOUS

REACTORPOWERSAND PAYLOADRADIATIONLIMITATIONb

1012 nvt/106rad 1013 nvt/107rad

P LiH + SS _ Total LiH + SS W Total

kg kg kg k_ kg k_

0.6 370 175 545 225 0 225

0.8 400 21S 615 265 0 265

l_O 432 250 682 300 0 300

1.2 455 275 730 325 0 325

1.4 475 300 775 345 20 365

1.6 495 320 815 360 40 400

1.8 5_- 335 850 370 60 430

2.0 533 350 883 380 85 465

_o.O._" _ SHIELD

I REACTOR """ """- ),O-J ....
-----__ / ,,

Fig. I. Reactor-shieldconfiguration.
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RATIO OF SIDE LENGTHTO AXIAL THICKNESS(Ls/L)

Fig. 2. Effectof ratio of shield side length to centralthicknesson
shieldingeffectivenessfor a constantshieldmass of 400 kg.

NEUTRON
FLUENCE

/
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0.7 o.8 0.9 _.o _._ _.z _.3 _.,, __ 1.6

RATIO OF SIDE LENGTH TO aXIAL THIC_ESS (Ls/L)

Fig. 3. Effectof ratio of shieldside lengtht_)centralthicknesson
shieldingeffectivenessfor a constantshieldmass of 700 kg.
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Fig. 4. Neutron fluence as a function of shielding ,,Gss for a reactor
power of 1.2 HWt The numbers associated with each data point
represent the shield thickness.
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; Fig. 5. Effect of added tungsten gamma shield on dose rate at payload.
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re_ctnr in a lake or the ocean assumed, for computational expediency, that the

B4C could be placed in twelve of the core heat pipes. More practical arrange-
ments were studied in which radial slots in the fuel between core heat pipes

(see Fig. 6) are occupied by enriched B4C until a safe orbit is achieved, at

which time the B4C will be displaced by molybdenum.

The previous calculations considered only water entering the core heat pipes

and not the spaces between fuel tiles, which allow some fuel swelling with burn-

up. The effects of water entering both the heat pipes and the swelling spaces

have now been calculated. The results for various dry and flooded configura-

tions and with B4C and molybdenum in the radial slots are shown in Table Ill.

The total amount of enriched B4C in the eight core slots is 2.5 kg.

It can be seen from Table Ill that the additional effect of water entering

the swelling spaces is also a positive reactivity. With the control drum (50%

enriched ;0B in B4C) in the shutdown position, the effect of flooding ren-

ders the core just short of criticality when B4C is in the slots and highly

supercritical ,ith molybdenum in the slots.

Fig. 6. Diagram showing r_dial slots in fuel between core heat pipes.

8
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TABLE Ill

CALCULATED MULTIPLICATION FACTOR keff FOR

VARIOUS DRY AND FLOODED CONFIGURATIONS

Heat Pipes Heat Pipes and

_ Dr_ Flooded Void Flooded

90% enriched {0.912 _ 0.004 1.080 _ 0.003 I.]04 _ 0.003 Mo., slots
control }drums 0.8]2 _ 0.004 0.924 _ 0.003 0.950 + 0.00; B4C in slots

50% enriched I0"935 _ 0.005 I.PQ_ _ 0.004 1.122 _ 0.004 Mo in slots
control

drums 0.891 _ 0.004 1.0]O _ n.O03 0.998 _ 0.002 B4C in slots

Future studies will investigate the possibility of employing a single,

_entraIly located, B4C plug to achieve the _ame effect as the slots.

IV. FABRICATION AND TESTING OF 4-M MOLYBDENUM/LITHIUM HEAT PIPE

A. Desiqn.J _

The 4-m mo]ybdenum/liLhium (Mo/Li} heat pipe was designed wlth an annular or

screen tube wick. The des!gn is shown schematically in Fig. 7. The _creen tube

fits inside the ]9-mm-o.d., ].5-mm-walI-thickness molybdenum container tube,

with a 0.4-0.5 mm annular liquid return gap. This heat pipe contained a h.fnium

getter at the end of the evaporator in the form of loosely stacked foils. These

were held in place on a molybdenum spool to facilitate assembly. The getter was

intended to collect residual carbon, oxygen, and nitrogen from the lithium

SCREEN TUBE CONTAINER COVER TUBE PINCH
PLUG TUBE SEAL

BLIND HAFNIUM GETTER SCREEN TUBE FILLEND
END CAP ON SPOOL CAP

Fig. 7. Four-meter Mo/Li heat pipe.

9
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It was press-fit into the end of the screen tube in this heat pipe to seal the

annulus so that the full capillary pumping force of the wick porosity could be

obtained, lhe heat pipe was then sealed with a welded pinch seal enclosed in a

cover tube. The latter served as a safety feature to prevent heat pipe failure

due to leakage through the pinch seal during heat pipe operation. The perT_rm-

ance goal For this heat pipe was an axial heat flux of lO0 MW/m2 or a total

heat flux of 20 kW.

4. Fabrication.

Much of the development that went into establishin_ the f_brication pro-

cedures for this type of heat pipe has been aetailed elsewherel, so only those

procedures that were devised specifically for fabricating two 4-m Mo/Li heat

pipes will be described in deta11. The heat pipe fabrication was divided into

three major operations: (1) screen tube production; (2) container tube

procurement, processing, and assembly; and (3) heat pipe filling and sealing.

These opera_ions are detailed separately below.

I. Screen Tube. Two annular wicks were fabricated from 150 mesh molyboenum

screen that was compressed between soft, low-carbon-steel tubes. These tubes

were then removed by chemical diss)lution and the compressed screen tube was

slntered, forming a semirigid tube. The complete production sequence i_

diagrammed in Fig. 8. Most of the fabrication steps were carried out in

facilities located at either the Oak Ridge National Laboratory (ORNL) or the

Y-12 Plant, both in Oak Ridge, Tennessee, because they had available most of the

equipment necessary to fabricate a long heat pipe.

The sheaths and mandrels between which the molybdenum screens were com-

pressed began as commercially available, seamless, AISI lOl8 steel tubes. The

mandrel tube had a 19-mm outside diameter and a 3-mm-thick wall; the sheath had

a 22.2-mm outside diameter and a 0.9-mm-thick wall. After all dirt, s_ale, and

discolorations were mechanically removed, these tubes were hy_rogeq-annealed for

2 h at I175 K to soften the metal. After annealing, these steel tubes were so

crooked that the sheaths could not be easily slid over the molybdenum-screen-

covered mandrels, so they were straightened in the roll straightener, seen in

Fig. 9, before attaching the screen to the mandrel.

Before the screen was attached to the steel mandrel, it was cleaned in a

warm water solution of a commercial product called Oakite 164 Alumin_,mCleaner.

lO
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SHEATH/MANDREL Mo SCREEN

--_ O,SSOLVE!
SHEATH/MANDRELI

[v_:_._.._I I_*._-._,_v_! Fv_:__,.*_.1
.t

,oMA,DREL [ ,OROS,TYI

I ROLL SCREENONTOMANDREL I INSERTPLUGI

SHEATH POROSITY

Fig.8. Molybdenumscreentubewic!(fabricationflowdidgram.

,nr - _

1

_.. t " _ "

Fig. 9. Steel tube being straightened in roll straightener.

ll
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After rinsing and drying, the screen was stress relieved by vacuum annealing at

I125 K for l h. The cleaned and stre_-relieved screen was then spot-welded

directly to the mandrel, at intervals of _ _ or less, with the spot welder

shown in Fig. I0. Falrly sharp tungsten electrodes were used on the spot weld-

er, One of the steel mandrels with the screen spot-welded to it can be seen in

Fig. II.

After the screen was spot-welded to the m_ndrel, it was hand-rolled onto the

mandrel on a flat surface, as illustrated in 2ig. 12. To allow the stee_ sheath

to slide readily onto the coiled screen assembly, the screen was filled with eth-

.: anol just ahead of the sheath to act as a lub,icant that could be easily removed

during subsequent processing. As soon as the sheath was in place, the entire as-

sembly was rotary swaged to the final size in two passes, starting with the four_
/

jaw swage shown in Fig. 13. In the first pass, the sheath/m_ndrel assembly was

_ • r.,

Fig. 10. Spot-welding molybdenum screen to a steel mandrel, i_
I'

12 i_

i,
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Fig. II. Attachment of 305-mm-wide 150 mesh molybdenum screen to a 4.3-m-long
steel mandrel by spot-welding,

Eig. 12. Molybdenum screen rolled on a steel mandrel, ready for insertion into
the steel sheath.

]3
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4-JAWROTARYSWAGE

SCREENTUBESH_THIMA_IDREL
ASSEMBLY

8 •
• /

:.,._.m__ • ..,

Fig. 13. Rotary swaginga molybdenumscreen tube sheath/mandrelassembly.

run throughan 18.3-mm-diamdie set, and in the secondpass, the assemblywas

run througha 17-mm-diamdie set in a two-jawrotary swage.

After swaging,the steel was dissolvedaway from the compressedmolybdenum

: screentube in a hot hydrochloricacid bath, which was containedin a long

polyvinylchloridetray. The bath was heated by plasticsteam fires submergedin

it. The sheathwas completelydissolved,but the mandrelwas slid out of the

screen tube after it was only partiallydissolved. After the compressedscreen

tube was rinsed and dried, it was transpnrtedfrom ORNL to the Y-12 facilityand

placed in the 5.5-m-longradiant-heated,horizontalvac,,umfurnaceshown in

Fig. 14 for sintering. The compressedscreenwas bonded to form a semirigid

tube by heating it for 2 h at 1725 K in a vacuumof I0-4 Pa or better.

The next step in the fabricationprocess involvedbubble-pointtestingof

the two sinteredscreen tubes to measuretheir effectiveporosity. This was

accomplishedby submergingthe screen tube in 190 proof ethanoland pressurizing

it internallywith helium until the first bubblesformed. The pressurefor

bubblebreakthroughis proportionalto the largestpore in the screentube. A

photographof the bubble-pointtest in progresson one of the finishedmolybdenum

14
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Fig. 14. Five and one-half-meter-long tungsten mesh heating element vacuum
furnace used for sintering and annealing.

screen tube wicks is shown in Fig. 15. One screen tube wick, which was desig-

nated MOST-7, had a bubble-polnt pore diameter of 44 pm; the other screen

tube, MOST-8, had a pore diameter of 60 um. The outside diameter of MOST-7

ranged from 14.g6 to 15.0g _Tml,and it_ wall thickness was 165 _m. The outside

diameter of MOST-8 ranged tram 15.14 to 15.Z4 hen,and its wall was I/8 um

thick.

As can be seen in the scanning eleztron micrographs in Fig. 16, the wires in

the finished screen tube are highly deformed and nested. The wires were suffi-

ciently bonded together to allow the screen tube to be handled without fear of

unwinding it. Chemical analyses of the MOST-7 screen t_be indicated that it

contained z_q ppm oxygen, 170 ppm carbon, 15 ppm nltregen, and 760 ppm iron in

the finished conoition.

After the porosity of the screen tubes was determined, a tapered molybdenum

plug was press-fit inside one end of the heat pipe. The bubble.polnt porosity

test was then repeated to make sure that the fit of the plug was tight enough so

that the equivalent pore diallmterof the interface between the plug screen was

15
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Fig. 15. Bubble-point porosity measurement being performed on a molybdenum
screen tube wick

no larger than that of the screen tube itself. When the plug was determined to

be tightly installed, the screen tube was ready for insertion into the heat pipe

container tube.

2. Container. Two 4-m-long, 19-mm-o.d., 1.5-mm-thick wall low-carbon arc-

cast (LCAC) molybdenum seamless container tubes were produced by the Metals

Division of ThermoElectron Corporation. The tubes were produced by drawing I

gun-drilled tube blanks throug_ dies over fixed mandrels at about 480 K. Both I

finishmd tubes were sent to #,MAXSpecialty Metals in Cleveland, Ohio, where they

were cleaned with a molten caustic containing about I0% sodium nitrite. After

16

1983019565-017



I
I

! ORWGINALPAGE IS
,_ OF POOR QUALITY

• ,lI_

a. Inside(140 X). b. Outside (140 X).

Fig. 16. Scanningelectronmicrographsof (a) the insidesurfaceand (b) the
outsidesurfaceof the finishedmolybdenumscreentube MOST-7.

cleaning,the containertubes were vacuumannealed in the Y-12 vacuum _urnace

(Fig. 14) for 2 h at 1725 K. The mpurity analysisof the molybdenumtubes at

this point indicatedthey contained30 ppm carbon,6 ppm oxygen, less than l ppm

nitrogen,and lO ppm iron.

As shown in Fig. 17, the inside surfaceof the containertube was fairly

rough on a microscopicscale. The internalmicrostructureof the tube material

after the vacuumanneal is shown in Fig. 18. The metal can be seen to be com-

pletelyrecrystallizedand to containa few uniformlydistributedprecipitates

that are probablycarbides. A measurementof the hardnessof this material gave

i a value of 190 DPH, which was comparableto similarmolybdenumtubing that had

t no precipitates. This tubing tended to be significantlymore ductileat room
L

'I temperaturethan previouslyexaminedmolybdenumtubing in that it could be given

,I at least one cycle of 90° reversebends beforefailure. As can be seen in the
i

17

1983019565-018



Fig. 17. Scanningelectronmicrographof the insidesurfaceof the NEP-IA
molybdenumcontainertube. (750X)

18
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signlficantly from other molybdenum tubing we have studied that typically fails .

In a n_stly intergranular fashion. i

All the end caps shown in Fig. 7 were machined from molybdenum bar stock and

i electron beam (EB) welded into the container tube at the Oak Ridge Y-IZ plant.

i Before joining the fill end cap to the heat pipe, a 6.4-mm-o.d., O.8-mm-wall

molybdenum fill tube was EB welaed to it. This fill tube had previously had af
• stainless steel Swagelok fitting vacuum-brazed to it using copper as the filler

metal. This was to allow for later attachment of the heat pipe to a stainless

steel pot, from which the lithium would be distilled. After the blind end cap
I

: was welded in place and found to be helium leak-tight, the screen tube was

inserted and the fill end cap with its attachments was welded in place.

3. Heat Pipe Reassembl),. After the two heat pipes were assembled at Oak

Ridge, they were shipped to Los Alamos for filling. The heat pipes were

carefully packaged individually inside electrical-mechanical tubing, then well

packed inside a single aluminum tube, and finally, shipped to Los Alamos by air

freight. Somewhere In transit the package was dropped a considerable distance,

1

• Fig. Ig. Scanning electron micrograph of the fracture surface of the NEP-IA
molybdenum container tube in the vacuum annealed condition.

i
I

.t
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and the contentswere broken. When the packagewas receivedand opened,the

fill tubes were found to be brokenoff both of the heat pipes, as shown in

Fig. 20(a) and, as can be seen in Fig. 20(b),one of the contair,er tubes was

broken in two. When the screentube wicks were removedfrom the molybdenum

containertubes, it was found that both wicks had also been broken in several

locations[Fig. 20(c)].

The patternof th_ breakagewas such that it was possibleto sa_age an un- _

damagedsectionof screen tube wick about 2 m long from each of the brokenheat

pipes. These two sectionswere connectedtogetherwith a tapered,tubularmo-

lybdenumcouplerthat was press-fitinsidethe bore of the screentubes. This

reducedthe bore of the heat pipe near its centerto 13 mm for a distanceof

about 25 mm. No leakswere observedin the final assemblyat either the coupler

or the refittedscreentube plug, and the bubble-pointpore diameterof the

final assemblywas to be 44 um. This assemblywas insertedin one of the con-

tainertubes that had been reassembledand cut to the lengthof the new two-

piece screentube. The entirereassembly,which was performedat Los Alamos,

requiredassemblyof an extensionto the vacuumchamberof our EB welder long

enoughto enclosethe entireheat pipe.

4. Fillin_ Fillingof the heat pipe with lithiumwas first attempted

using the proceduresdevelopedfor sodiumand describedin Ref. i. This proces_

involveddistillingthe lithiumthroughthe copper-brazedstainlesssteel/

molybdenumtube joint that was requiredto connectthe stainlesssteel fill pot

to the molybdenumheat pipe. Becauseof the high distillationtemperaturefor

lithium,above _025K, and the high solubilityof copper in lithium,the joint

developeda leak duringthe distillationprocess,and most of the lithiumwas

lost into the vacuumchamber. Distillationof the lithiuminto the heat pipe

was attemptedat I050K, a temperaturelater determinedto be too low to _revent

blockageof the fill tube with liquid lithium. The blockageof the fill tube

resultedfrom the fact that the vapor pressureof lithiumwas not sufficientto

overcomethe surfacetensionforces in the fill tube.

A secondattemptat fillingthe 4-m heat pipe involveddistillingthe lith- i

Iium into a chamberwhose volumewas set to equal that requiredto fill the heat

pipe to the desiredlevel. The lithiumwas then transferredas a liquidto the

heat pipe througha stainlesssteel tube. A schematicdiagramof the apparatus i_

is oresentedin Fig. 21. The stainlesssteel distillationchambercontained I

I'

20 Ii
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Fig. 20. Fractured(a) flll tubes, (b) containertubes,and (c) screen tubefrom4-m NEP heat pipes damagedin shipment.
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Fig. 21. Heat pipe distillatlonchamber.

multiwrapped,I00 mesh stainlesssteel screen,which preventedliquidslugging

duringthe distillationprocess.

The distillationchamberwas heatedby rf induction. The set-volumechamber

was attachedto the distillationchamberby a stainlesssteel tube extending

throughthe lithiumpool. The combinedvolumeoF the transfertube and the

chamberwas 140 cm3, the amountneededto fill the heat pipe. A secondary

transfertube made with standard-wallO.25-in.-diamstainlesssteel joinedthe

bottom of the set volumechamberto the heat pipe. The chilledheat sinkwas

placedjust below the chamberto act as a valve to prevent lithiumfrom draining

out of the chamberduring distillation.

The total operationof transferringlithiumfrom the distillationchamberto
o.

the heat pipewas done as follows. The entire systemwas evacuated,and the

lithiumpool was heatedand degassed. When the lithiumtemperaturereached

lO00K, the vacuum systemwas closed off. The lithiumtemperaturewas then in-

creasedto 1200K, where distillationbegan. The distillationwas completewhen

the volume from the heat sink to the top of the transfertube was filledwith

lithium.

The distillationchamberwas cooledto EO0 K and the heat sink was removed.

The heat pipe, the 0.25-ir,.-diamtransferlines,and the set-volu_ chamberwere

then heatedto 500 K, allowingthe liquid lithiumto drain by gravityinto the

heat pipe.
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After fill and pinch seal closure,a protectiveend cap was EB welaed ove,

the pinch sea_ to completethe fillingoperation•

C. Testing.

The heat pipe was placed in a 5-m-longquartz tube and heated in vacuumwith

a l-m-longrf heat-inputcoil. The first opera_ionwas to slowlyheat the heat

pipe in the horizontalpositionto allow lithiumfluid to completelywet the

annularscreenstructure. The temperaturewas graduallyincreaseduntil a dis-

tinct hot spot appearedprematurelyin the evaporatorsectionnear the end of

the heat pipe.

Such a hot spot indicatesa dryout condition,caused by improperwettingof

the interiorsurfacesof the heat pipe by lithium. This occurrencewas thought

to be causedby an excess of oxygen in the heat pipe screenstructure. Removal

of this oxygen requiredthat it be transportedto the getteringmateriallocated

in the evaporatorat the very end of the heat pipe, outsideof the heated zone.

Becausethe heat pipe would not operateat high enough temperatures(>llO0K)

to getterthe oxygen from the condenserend all the way to the evaporator,a

small heatingcoil was positionedat the condenserend of the pipe. This coil

was graduallymoved, in steps,toward the evaporatorend of the heat pipe. It

was expectedthat oxygen in the pipe in the vicinityof the coil would be de-

positedin the centerof the heateozone and, as the heated zonewas moved to-

ward the evaporator,all the oxygbn in the pipe would be transferredto the

evaporatorend of the pipe. This step procedurewas carriedout until the coil

was at the locationof the getteringmaterialin the evaporator"end of the heat

pipe. Althoughthis operationresultedin a distinct improvementin heat pipe

performanceand higheroveralltemperaturesin the evaporatorwere achieved,the

hot spot still occurred,limitingLhe heat input into the heat pipe.

Ratherthan repeat the time-consumingprocedureoutlinedabove to transport

the remainingoxygento the evaporator,a differentmode of operationwas set up

! to accomplishthe same task. An attemptwas made to raise the operatingtemper-
!

ature of the whole pipe by using two heatingcoils. One, the drivercoil, about

30 cm long,was locatedat the evaporatorend of the pipe, and a second,low-

power coil was wrappedaroundthe remaininglengthof the pipe. By this method

it was possibleto raise the temperatureof the entireheat pipe to 1300 K while

maintainingthe hot spot temperaturein the evaporatorwhere the oxygenwas col-

lectingbelow 1700K. After a few hours of operation,and withoutany change in

; power to the secondcoil, it was possible,by increasingpower to the driver
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spot temperature of 1700 K. This observation indicates that oxygen was indeed

slowly being removed from the pipe to the gettering material. It was not possi-

ble, however, to operate the pipe without the secondary coil and, consequently,

it was not possible to estimate the power transferred by the pipe.

The pipe was subsequently operated in several tilted positions, with the

evaporator elevated above the condenser. The heat pipe was operated at 1325 K

for a period of 3 h, then shut off. The evaporator end was raised in increments

of I00 mm, and the heat pipe restarted at 1325 K and held for 3 h. This proce-

dure was repeated until an elevation of 1 m was reached, at which point the pipe

failed to restart without exceeding the hot spot temperature of 1700 K. Ideally,

the pipe should have been able to operate in the fully Certical position because

the wick pore size was fine enough to wick lithium up a heiqht of 4 m. Repeated

efforts to clean the pipe of oxygen contamination by operating in the horizontal

position for 2-3 h, then elevating the evaporator end to l m, did not show any

improvement in heat pipe performance, so testing of the pipe was terminated.

Renewed testing of this heat pipe will involve extensive effort in several

areas. First, the pipe will have to be opened to remove the screen wick for

inspection. Assuming the wick to be in satisfactory condition, it wi1_ be nec-

essary to perform a new porosity test. A facility to clean and degas a 4-m-long

heat pipe in vacuum and at high temperature will have to be built. The heat

pipe would then be refilled using the latest techniquc of contin,_ous pumping,

with a getter material located in the distillation pot. The pipe could be

tested again relatively easily in a quartz system, but with the use of thermal

radiation shields instead of a secondary rf coil to bring the pipe up to oper-

ating temperature. This arrangement would permit measuring the power trans-

ferred by the pipe by a determination of the radiation losses. However, more

extensive testing would require construction of a test chamber with calorimeter,

large enough to hold a 4-m heat pipe.

V. DISCUSSION

It is clear from the shieldingstudiesthat reducingthe allowablegamma

exposureat 25 m from 107 to 106 in 7 yr has a more adverseeffecton shield

weight than an order-of-magnitudereductirnof a11owableneutronfluenceto

lO12 nvt. Thus it would pay more, in terms of payloaddeliveredto the outer
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planets, to harden the science package to gammas as opposed to n_trons. Be-

cause the weight penalty for tne extra s');eldingis quite substantial, it would

be worthwhile, in addition to hardening investigations, to examine wh_ther

radiation-sensitive experiments can be dane during times of reduced -eactor

power.

The Monte Car_o calculation of the effect of water imme_'ion on reactor

reactivity indicates that the judicious location of a modest amount of B4C

will guarantee subcriticality for _ immersed reactor. More detailed design

, _ork must be done to establish the most appropriate configuration for the B4C,
with simplified removal methods once a safe orbit is reached--ar,important

design consideration.

Although the work on the 4-m heat pipe did not produce a unit operating with

the desired performance, it did show that the fabrication and installation pro-

cedures for long wicks are relatively straightfor,._rdextensions of procedures

established for shorter lengths. It also showed that survival of sEuttle launch

is not the only reason to be concerned about the brittleness of recrystallized

molybdenum at room temperatures. Even terrestrial transport requires extr_-

ordinary packaging methods. This experience has led to a shift to Mo-14 Re

alloy as the baseline material for reactor core heat pipes. The latter m_terial

is still in the developmental stage, but has been shown to have a ductile-to-

brittle transition temperature below 200 K. Even EB welds in this alloy m_in-

rain ductility at this temperature.

The observation of hot spots in the heat input zone indicated the presence

of lithium oxide in the heat pipe. Efforts to keep the levels of oxygen in the

heat pipe wick and wall materials to very low levels through all the processing

steps have been redoubled. It is believed that the primary source of oxygen in

the heat pipe, however, is from the lithium itself and that the aistillation

filling procedure is not removing it completely. This has led to the ordering

of ultrahigh purity lithium from ORNL. All future core heat pipes will use

this material.
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